The photoelectrocatalytic (PEC) oxidation degradation of landfill leachate rejected by reverse osmosis (RO) using a Cu/N codoped TiO 2 /Ti photoelectrode was kinetically investigated in terms of COD concentration. The key factors affecting the reaction rate of PEC oxidation and the removal efficiency of COD concentration were studied, including the COD concentration of landfill leachate, potential bias applied, pH value of landfill leachate, and the reaction temperature of photoelectrocatalytic reactor. The apparent kinetic model was applied to describe the photoelectrocatalysis reaction. The results showed that the kinetic equation for photoelectrocatalytic oxidation of landfill leachate was fitting well with the experimental data ( 2 = 0.967∼0.998), with average activation energy = 6.35 × 10 4 J⋅mol −1 . It was found that there was an optimal bias voltage of 20 V and low pH value was favorable for COD removal in landfill leachate. The reaction order of initial COD concentration (1.326) is higher than that of potential bias (1.102) and pH value (0.074), which indicates that the reaction rate can be controlled efficiently through adjusted initial concentration. The experiments demonstrated that potential bias would approach its statured value with increasing potential bias.
Introduction
Leachate generated from landfill is heavily loaded wastewater presenting acute and chronic toxicity, which contains various types of organic and inorganic contaminants. Landfill leachate is one of the major environmental problems concerning water pollution [1, 2] . Different kinds of treatments for landfill leachate have been reported in recent years. Among these treatments, biological methods are typically applied for the treatment of landfill leachate as a result of low cost, prior to its discharge. However, a single biological process has not proven efficient to eliminate the large amount of nonbiodegradable organic substances and the refractory organic pollutants to the required discharge standards [3, 4] .
Hence, an increasing number of leachate treatment plants have adopted reverse osmosis (RO) technology [5, 6] .
In recent years, the experimental works [7] have demonstrated the feasibility of using reverse osmosis technology for leachate disposal. In particular, RO can purify both organic and inorganic compounds, and the effluent can meet effluent discharge criteria, but the chemical oxygen demand (COD) and the concentration of organic contaminants are still high in intercepted leachate treated by membranes. The effluent contains a large number of humic substances that inhibited the biomass activity and/or were recalcitrant to biodegradation. Thus, growing interests have been focused on advanced oxidation process (AOP) of landfill leachate as either a post-or pretreatment to improve its biodegradability and treatability [8, 9] . Photoelectrocatalytic (PEC) process is one of the advanced oxidation process technologies for leachate treatment, which is applying an electrical bias using a TiO 2 film electrode. Compared to other semiconductor 2 Journal of Nanomaterials photocatalysts such as CdS, ZnO, and SnO 2 , titanium dioxide (TiO 2 ) plays the most important role due to its excellent photostability, relatively low cost, and its ability to photooxidatively destroy most organic pollutants. However, the high recombination rate of photoinduced electron-hole pairs and the low utilization efficiency of visible light are the main factors that generally hold back its application in the wastewater treatment field. TiO 2 film electrodes coupled with other semiconductors (such as CdS, ZnO, and SnO 2 ), sensitized with dyes, and doped with metal or nonmetal ions can extend the photoresponse range of TiO 2 to visible spectral area and reduce the recombination of photogenerated electron-hole pairs. In particular doping TiO 2 film electrodes offer a highly effective way to improve PEC degrading efficiency of recalcitrant organic pollutants. By means of photoelectrocatalytic (PEC) processes, the separation of electron-hole pairs is promoted by electron transfer under the control of an external circuit, significantly enhancing the photocatalytic efficiency. PEC process has been proven to be an efficient method in removing organic contaminants compared with individual electrolysis and photocatalysis process [10, 11] . At present, PEC process has been widely applied to the degradation of refractory organic pollutants, because the introduction of electrochemical technology into photocatalytic reactions increases the efficiency of processes and it expands the degradation capacity of the recalcitrant organic pollutants [12, 13] . In general, the PEC reaction can be described by the Langmuir-Hinshelwood (L-H) kinetic model [14] [15] [16] [17] [18] . The PEC degradation of organic pollutants using TiO 2 film electrodes is seen to follow the first-order or pseudo-firstorder kinetics [19] [20] [21] [22] [23] . However, some groups reported that the PEC degradation of organic pollutants did not fit with pseudo-first-order kinetics. The PC and PEC removal of HA was found to follow zero-order kinetics [24] and PC and PEC TOC removal did not fit zero-or first-order kinetics, owing to a 45 min lag phase where TOC removals were insignificant. After this lag phase, the TOC removal agreed with the firstorder kinetic model and the first-order rate constant for the PEC process (2.4 × 10 2 min −1 ) was 2.4 times higher than that for the PC process (1.0 × 10 2 min −1 ). The PEC degradation of a mixed dye followed pseudo-first-order kinetics, while the TOC removal proceeded with pseudo-second-order kinetics [25] . The apparent rate constant of pretreated textile effluents was 2.71 × 10 2 min −1 , while that for raw textile effluents was 2.1 × 10 2 min −1 [26] . These results indicate that the photoelectrocatalytic degradation of real organic pollutants is quite complicated, as evidenced by some of the proposed kinetics found in the literature. The dependencies between the organic pollutant concentrations and the PEC reaction rates have been well described. However, the dependencies on other important parameters such as pH, bias potential, light intensity, and additional electrolytes need to be further explored.
In our previous work [27] , our research group successfully prepared innovative Cu/N codoped TiO 2 photoelectrodes by anodising a Cu/N codoped TiO 2 film on Ti sheet for PEC degradation of humic acid. This electrode achieved a great degradation of refractory organic pollutants. In this paper, we report an investigation on photoelectrocatalytic treatment of concentrated landfill leachate rejected by reverse osmosis (RO) under various conditions. The COD removal of landfill leachate was used as a model to conduct the PEC oxidation experiments using the Cu/N codoped TiO 2 photoelectrode. The aim of the study was to determine the photoelectrooxidation efficiency of this Cu/N codoped TiO 2 photoelectrode for the removal efficiency of landfill leachate at different reaction conditions and the dependencies between the reaction parameters affecting the COD removals (such as initial pH, potential bias, initial temperature, and initial concentration of leachate). The PEC reaction rates have been quantitatively discussed, to set up a kinetic model to describe the effects of main factors in order to optimise its reaction condition. This study can help to find the optimal conditions for concentrated leachate treatment with photoelectrocatalytic process in a cost-effective way.
Materials and Methods

Materials.
Concentrated leachate rejected by RO was collected from Guangzhou Domestic Landfill Site (600 m 3 /d), South China, where combined process of up-flow anaerobic sludge blanker (UASB), sequencing batch reactor (SBR), continuous microfiltration (CMF), and reverse osmosis (RO) was applied sequentially. The samples were stored in dark at low temperature (4 ∘ C). The average composition of the tested concentrated leachate effluent rejected by RO is listed in Table 1 .
The ratio BOD 5 /COD was about 0.01, which indicated that the concentrated leachate is difficult to treat biologically. The raw concentrated landfill leachate was prefiltered through a 0.45 m glass fiber filter to remove large particles and debris and maintain uniformity of tested samples.
Graphite electrode was purchased from Guangzhou Jinlong Technology Co., Ltd. The photoelectrocatalytic oxidation was carried out at a constant current using a digital DC power supply. Titanium sheets (0.2 mm × 50 mm × 50 mm, 99.6% purity) were polished by metallographic abrasive paper and then degreased by sonicating process in acetone, isopropanol, and methanol. After rinsing with water, the materials were air-dried. Acetone is one of the most commonly used measurable parameters in assessing water quality and an important index for the control of operation of wastewater treatment plants [28, 29] . DOC of the sample solution was measured with Liquid TOC analyzer (Liquid TOC, Germany). pH of the sample solution was measured with pH meter (pHS-25C, Jingke Co., Ltd., Shanghai), and the electrical conductivity was analyzed using conductivity meter (DDS-11A, Leici Co., Ltd., Shanghai). Zeta potential of the Cu/N codoped TiO 2 was measured using a Zeta potential meter (Zetasizer Nano ZS90, Malvern Company, UK).
Experiments.
To evaluate the kinetic model, the effects of initial pH, the voltage, and temperature, as well as the initial leachate concentration, were experimentally explored on the COD removal kinetics. The photoelectrocatalytic process experiment was performed in a batch photoreactor system as shown in Figure 1 .
Each test typically began with 500 mL of concentrated landfill leachate. The photoelectrocatalytic oxidation experiments were conducted in a glass beaker. During these experiments, the photoelectrocatalytic oxidation was carried out at a different current using a digital DC power supply. The plate anode materials were used: Cu/N-TiO 2 /Ti film plates and graphite plates using an active anode surface during electrolysis. The electrodes were dipped into the beaker containing 0.6 L leachates as working volume. A 50 W tungsten halogen lamp (EXZ MR16 SP, GE, USA) was used as the visible light resource. The light intensity was 80.1 mWcm −2 (380 nm∼780 nm) measured by SpectraScan Spectroradiometers (PR-705, Photo Research, USA). The sample solution was agitated by a magnetic stirrer. Magnetic stirring was kept all along with the reaction at a slow speed.
A constant temperature water bath equipment (HH-501, Jingfeng Co., Ltd., Shanghai) controlling the required temperature was used during the reaction. Initial leachate pH was adjusted to the desired value with concentrated sulfuric acid and sodium hydroxide.
For absorbance measurement, 10 mL of sample was taken out from the reactor at given time intervals. The solutions were then filtrated with 0.45 lm glass fiber filter and analyzed COD. All chemicals were at least of analytical grade and used as received, except as noted. Each data point was the mean of two repeated measurements, and standard deviation (SD) was used for descriptive error bars in this study. The highest performance of photocatalytic was achieved on the Cu 2 N 3 codoped TiO 2 photoanode (Figure 2 ). However, the removal efficiency of COD also decreased when the doping copper content exceeded the optimum value (Cu 3 N ), which suggested that the photocatalytic activity of Cu/NTiO 2 /Ti electrodes decreased. These results demonstrated that the presence of a greater amount of copper was essential to promote the photocatalytic ability. After 150 min treatment, the Cu 2 N 3 codoped TiO 2 photoanode shows about 21.7% PC degradation efficiency when there is only illumination. Based on our previous work [27] , we have successfully prepared Cu/N codoped TiO 2 electrodes, and we calculated the band gap energies of Cu 1 N 1 , Cu 1 N 2 , and Cu 1 N 3 codoped TiO 2 are 2.55 eV, 2.65 eV, and 2.90 eV, respectively. Because of the reduced band gap energy ( < 3.2 eV) in the Cu/N codoped TiO 2 photoanodes, photogenerated electrons can easily be generated under the illumination. These photogenerated electrons take part in photocatalytic redox reactions. Previous research [30] has shown that the holes react with the electron donors to produce hydroxyl radicals. As the generation of hydroxyl radicals, the organic compounds can be oxidized directly by the hydroxyl radicals or holes on the electrode surface.
Results and Discussion
Adsorption Capacity and Photocatalytic Activity of
Photocatalysis, Electrolysis, and Photoelectrocatalysis of
Landfill Leachate. Photoelectrocatalytic, photocatalytic, and electrocatalytic degradation of landfill leachate in the presence of Cu/N codoped TiO 2 film electrodes under visible light were evaluated. In Figure 3 , compared with the photocatalytic process, the PEC experiment showed greater photocatalytic activity than that of the PC process. The Cu 2 N 3 codoped TiO 2 electrode achieved COD removal efficiency of 68.7% in the photoelectrocatalysis at 210 min, while it was only 21.7% in the photocatalysis. The removal efficiencies of the pure photocatalysis and electrocatalysis by the Cu 2 N 3 codoped TiO 2 electrodes were only 21.7% and 39.5%, respectively. These results suggested that photoelectrocatalysis had a synergistic interaction with photocatalysis and electrocatalysis. These can be ascribed to the following: the externally applied anodic bias drives away the photogenerated electrons accumulated on Cu 2 N 3 codoped TiO 2 electrode via the external circuit, reduced the recombination of photogenerated electrons and holes, and promoted the oxidation efficiency of landfill leachate.
These three processes are electric energy driven. Electric energy per mass ( EM ) can be necessary for describing meaningful energy efficiencies. EM 
Photoelectrocatalysis Degradation Reaction Kinetic Model.
Photoelectrocatalytic oxidation is an effective process in treating water and wastewater. However, its reaction process in removing contaminants is very complicated and its formulation is still controversial. In our previous work [32] , landfill leachate is a complex wastewater, which contains significant quantities of humic acid, fulvic acid, and small molecule hydrophobic organic pollutants. Contaminants were not completely oxidized during the photoelectrocatalytic reactions but rather transformed to some intermediates with no significant decrease of COD. The accumulation of intermediate and the concentration of hydroxyl radicals varied with the reaction time due to their reaction, which influenced the removal efficiency of COD. The initial rate technique was employed in this study in order to eliminate any interference from competitive reactions from the intermediates formed during photoelectrocatalytic oxidation of landfill leachate. The data which we used average values of several experiments based on COD concentration(COD )-time ( ). In order to exclude the effect of intermediate products, a polynomial regression model ( = + 1 + 2 2 + 3 3 ) was adopted via Origin 8.5 software, where initial reaction rate 0 is obtained by extrapolation of the reaction rate to time = 0.
The reaction parameters affecting the COD removals such as COD concentration, the potential bias applied, pH value, and the system temperature influence on the relationship between the system COD concentration (COD ) and time ( ) have been quantitatively discussed. The third-degree polynomial can perfectly fit the relationship of the system COD concentration and reaction time. The fitting parameters were summarized in Table 2 . 
The Effect of Initial pH.
The pH values of the different wastewater are different, which influences the photoelectrocatalytic reactions for removal of the pollutants. Similarly, pH plays an important role in the degradation of landfill leachate.
To study the effect of initial pH on the PEC degradation of landfill leachate rejected by RO treatment, the first set of the tests was carried out with the same light intensity, electrical bias, and initial COD concentration but at different initial pH values of 2, 4, 6, 8, and 10, respectively. The experimental results are shown in Figure 4 . The results demonstrated that the COD concentration of landfill leachate decreased much faster in acidic solution than that in the alkaline solution. Li et al. [33] observed similar phenomenon from the electrochemical assisted photocatalytic degradation of humic acid. Many authors [24, [34] [35] [36] used the point of zero charge (pH pzc ) to study the performance of photocatalytic oxidation using TiO 2 as photocatalyst. The TiO 2 surface is negatively charged when the pH is higher than the pH pzc and an electrostatic repulsion toward anionic compounds dominates. But the surface of TiO 2 is positively charged when it is lower. The pH of the point of zero charge (pH pzc ) for Cu 2 N 3 codoped TiO 2 was 5.58. The polarity of TiO 2 /Ti electrode surface can be expressed by (2) and (3):
It was reported that the distribution of TiOH is greater than 80% when operation pH value is between 3 and 10, whereas the distribution of TiO − and TiOH 2 + is greater than or equal to 20% for operation pH value above 10 or below 3, respectively [37] .
Secondly, hydroxyl radicals can be formed by the reaction between hydroxide ions and positive holes. The positive holes are considered as the major oxidation species at low 6 Journal of Nanomaterials pH whereas hydroxyl radicals are considered as the predominant species at neutral or high pH levels [34] . In the photoelectrocatalytic process, many studies have showed the maximum degradation rate of certain pollutants [38, 39] is much faster in an acidic condition than in an alkaline condition. In alkaline solution, the surface of Cu 2 N 3 codoped TiO 2 electrode is negatively charged and the ionization state of the organic compounds can be changed. There is an electrostatic repulsion between the negative charged surface of the Cu 2 N 3 codoped TiO 2 electrode and the hydroxide anions. This fact could prevent the formation of hydroxyl radicals and thus decrease the photooxidation.
The Effect of Bias Potential.
Bias potential is a key factor to photoelectrocatalytic process efficiency, which draws the photogenerated electrons to the counter electrode. The effect of the bias potential on the PEC degradation rate of landfill leachate was further investigated. Experiments were conducted in a 1000 mL landfill leachate solution to find an optimum potential. Potential bias ranged from 5 to +23 V and COD removal was monitored over 150 minutes. As seen in Figure 5 , it is clearly demonstrated that the degradation rate of landfill leachate (as represented by COD removal) was increased as the bias potential increased and reached the largest value at the bias potential of 20 V. The potential variation from 5 to 20 V led to an increase of landfill leachate degradation efficiency from 30.6% to 70.2%. Further increasing of the applied potential has insignificant effect on the degradation. It indicates that the most favorable synergetic effect of the integrated photo-and electrochemical catalysis occurs at the external potential of 20 V. This can be explained by the fact that at the optimal potential bias the electrons and holes are so well separated that further enhancing of the potential bias led to no significant improvement in photoelectrocatalysis activity. The electron transfer in the photocatalytic oxidation process involves two major processes. One is the electron transition in the semiconductor film and the other is the electron injection at the interface (photohole capture). At low potentials the electron transport in the film controls the overall photocatalytic process; as a result, the photocurrent increases with potential. Since for a given compound of given concentration the rate of electron injection or photohole capture (determined by the concentrations of photohole and organic compounds on TiO 2 surface) is constant, the photocurrent is saturated with respect to potential bias. Overall, to maintain the progression of reaction at interface, both photoelectrons and photoholes must be removed in time. Otherwise, the build-up of either charge carrier would accelerate the rate of photoelectrons/holes recombination, resulting in a decrease in the overall reaction rate.
The Effect of Temperature.
Temperature is one of the important factors influencing photoelectrocatalytic oxidation reaction. A series of experiments were conducted at different working temperatures in the range of 283, 293, 303, 313 and 323 K, initial pH of 2, 4378 mg/L of initial COD concentration, and 20 V of potential bias. The results are shown in Figure 6 . As can be seen, temperature has a positive impact on the oxidation degradation rate of landfill leachate. The reaction rate of removal efficiency increases with the increase of temperature. The photoelectrooxidation removal efficiency increased from 47% to 76% linearly when the temperature increased up to 313 K. Increasing the temperature from 313 to 323 K reduced the yield of the process. During 150 min reaction time, as the reaction temperature rose up from 283 to 303 K, the reaction rate of oxidation increased rapidly from 0.000438 min −1 to 0.018 min −1 ; then the rate of oxidation increased slowly; this suggested that temperature played an important role in photoelectrocatalytic degradation of landfill leachate; the higher the temperature of the reaction system is, the larger the average kinetic energy of the molecular is.
This could explain that increasing temperature had two opposite effects on the reaction yield. On one hand, higher temperature enhanced the generation rate of hydroxyl radicals and therefore enhanced the photoelectrooxidation efficiency of landfill leachate. On the other hand, extremely high temperature over 323 K started to accelerate the recombination of excited electrons and holes and desorption process of adsorbed reactant species, resulting in decrease of photocatalytic activity. This is in conformity with Arrhenius equation, for which the apparent first-order rate constant increases linearly with exp(−1/ ) [40] . It is also necessary to take into account that the solubility of oxygen decreases with increasing temperature. Due to its availability in water, adsorbed oxygen may not only serve as the electron acceptor but also be involved in the formation of other oxidative species (superoxide, hydrogen peroxide, and hydroxyl radicals) for preventing of reduction reactions and stabilizing of radical intermediates in photocatalysis [41] . All these reasons drastically reduced the photocatalytic activity when the reaction temperature was greater than 313 K; thus the removal efficiency of landfill leachate declined.
The Effect of Initial Landfill Leachate Concentration.
It is important to study the dependence of the photoelectrocatalytic reaction rate on the substrate concentration from both kinetic and application point of view. It is generally noted that the degradation rate increases with the increase in COD concentration to a certain level and a further increase in dye concentration leads to decrease the degradation rate of the COD [42, 43] . The rate of degradation relates to the probability of
• OH radicals formation on the catalyst surface and to the probability of
• OH radicals reacting with pollutant molecules.
The effects of initial COD concentration on the initial kinetic rate and maximum oxidation removal efficiency were studied by varying the initial concentration of COD from 4378 mg L −1 to 730 mg L −1 , under the experiment conditions of initial pH 2.0, potential bias 20 V, and temperature 303 K. The influence of the initial landfill leachate concentration on the photoelectrocatalysis degradation is shown in Figure 7 . It can be seen that the initial removal rate and the maximum removal efficiency of COD decrease as the initial concentration of COD increases.
Generally, the degradation rate of organic pollutants decreased with increased concentration. One possible reason is that a relative lower concentration of hydroxyl radical resulting from the increasing COD concentration (same potential bias and pH) led to decreasing of the removal efficiency. The degradation rate was enhanced by increasing the concentration to a certain value and then decreased as the concentration continued to increase. The high concentration of the low transparency reduces the light intensity reaching codoped TiO 2 /Ti electrode surface, which leads to a reduction in the hydroxyl radicals generated on the TiO 2 surface. There is a large demand for hydroxyl radicals during the degradation of high concentration pollutants, but available amount is insufficient.
Kinetics Modeling.
Based on the pseudo-steady-state assumption, at a certain time, the concentration of reactive hydroxyl radicals will not vary with reaction time and its change rate is normally considered to approach zero. The overall photoelectrocatalysis degradation process of landfill leachate could be expressed as
is the total oxidation reaction rate constant [L⋅(g⋅min) Table 2 , the reaction partial order of , , and − log + was = 1.326, = 1.102, and = 0.074, respectively. Also it can result in straight slope −7.643 × 10 3 from ln 0 ( ) − 1/ equation, and it represents the value of − / , = 63.5 kJ⋅mol −1 . Consider the following:
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The dynamic model is based on fitting data which came from the initial reaction phase of the experiment, according to the initial reaction stage of the degradation. But for the oxidative degradation process, compared with experimental value, model may be overestimating the initial reaction rate. The low rate
• OH of regeneration, precipitation, complexation, and the existence of intermediate hindered the degradation process, these led to alleviate degradation speed. In dynamic equation, the reaction partial of landfill leachate is higher than the bias potential and pH, which shows that the influence of landfill leachate concentration is larger than bias potential during the oxidative degradation process. In addition, in the study of chemical dynamics, activation energy is required to absorb energy for nonactivated molecules turning into activated molecules, which can be measured as the degree of difficulty reaction. The smaller the , the faster the reaction is carried out. The initial activation energy of photoelectrocatalytic degradation on landfill leachate is 63.5 kJ⋅mol −1 , meaning the reaction is not difficult to occur. Since
• OH is a highly reactive free radical with an extremely short lifetime of nanoseconds [43] , its concentration is normally considered to be constant but at a low level the residual concentration of hydrogen peroxide in the reaction solution depends on its initial concentration and consumption rate. They can be eventually expressed as (3) and (4).
Conclusions
(1) Concentrated leachate rejected by RO is stable and low biodegradable resulting in environmental issues.
In this study, the use of photoelectrocatalytic oxidation process treating concentrated landfill leachate was found to be effective and practicable. Given certain experimental conditions, the removal performances appeared primarily depending on the initial leachate concentrations, bias potential, and initial pH. Either too low or too high values would result in the retardation because the scavenger reaction slowed down the oxidation capability. Under the conditions of 2.0 of pH value, 20 V of potential bias applied, and 313 K of temperature, the removal efficiency of COD was 76.9%.
(2) In this work, for the experiments with different initial pH, bias potential and temperature, and initial leachate concentrations, it was found that the proposed model associated with the two characterized constants had proven useful in quantifying the process to ensure the success of the process. This could be done by simply inputting the two predetermined initial leachate concentration and bias potential, which made photoelectrocatalytic reaction design simpler and more accurate.
(3) The activation energy of 63.5 kJ⋅mol −1 indicated that the reaction was not difficult to occur.
